
*'. " . J r"  . I 

&UNIVERSITY OF HOUSTON 

'DEPARTMENT OF PHYSICS 

'FINAL PROGRESS REPORT 

September 1, 1967 - February 29, 1968 

S P A C E  RELATED SCIENTIFIC 
GPO PRICE $ 

CFSTI PRICE(S) $ 
'AND TECHNICAL INVESTIGATIONS 

s m  
Hard copy (HC) 
Microfiche (MF) 6s ' 

'u3 
ff 653 July 65 

N A S A  GRANT 44-005-022 

.OFFICE OF GRANTS & RESE 
. 

N A S A  - OSSA 

mod U l l 3 V d  

_May 1968 John W. Kern 



The i n v e s t i g a t i o n  p r o g r a m  d u r i n g  t h e  p a s t  s i x  month p e r i o d  h a s  
y i e l d e d  s i g n i f i c a n t  r e s u l t s  i n  a numbe,i o f  a r e a s .  
d i v i d e d  i n t o  f i v e  a r e a s :  1) Low T e m p & r a t u r e  P h y s i c s ,  2 )  S o l i d  
S t a t e  P h y s i c s ,  3)  Atomic P h y s i c s ,  4 )  Comet P h y s i c s ,  a n d  5 )  P h y s i c s  
o f  S p a c e  R e l a t e d  Flow P r o b l e m s .  T h e  r e s e a r c h  r e s u l t s  i n  t h e s e  a r eas  
a r e  d e s c r i b e d  i n  d e t a i l  be low.  The i n v e s t i g a t i o n s  h a v e  b e e n  c a r r i ' e d  
olzt i n  c l o s e  c o l l a b o r a t i o n  w i t h  s c i e n t i s t s  a t  t h e  NASA Manned S p a c e -  
c r a f t  C e n t e r ,  H o u s t o n .  T h e  r e s u l t s  and  t h e  c a p a b i l i t i e s  o f  t h e  
i n v e s t i g a t o r s  named i n  t h i s  r e p o r t  a r e  c o n t i n u a l l y  a v a i l a b l e  f o r  
a p p l i c a t i o n  t o  c u r r e n t  o p e r a t i o n a l  p r o g r a m s  o f  NASA-MSC. The c o n t a c t s  
a n d  c o m m u n i c a t i o n s  opened  b y  t h i s  r e s e a r c h  w i l l  c o n t i n u e  t o  b e  
m a i n t a i n e d .  A s u p p l e m e n t  t o  t h i s  g r a n t  h a s  b e e n  a p p r o v e d  f o r  n e x t  
y e a r ,  e n a b l i n g  t h e  e x t e n s i o n  o f  t h e  work on 1 )  Low T e m p e r a t u r e  
P h y s i c s ,  2 )  Atomic P h y s i c s ,  3) S p a c e  R e l a t e d  F lows  and  4 )  Plasma 
P h y s i c s .  The l a s t  a r e a  i s  new, and  r e f l e c t s  a s i g n i f i c a n t  a d d i t i o n  
t o  t h e  s c i e n t i f i c  and  t e c h n i c a l  c a p a b i l i t i e s  o f  t h e  D e p a r t m e n t  o f  
P h y s i c s  o f  t h e  U n i v e r s i t y  o f  Hous ton  d u r i n g  t h e  p a s t  y e a r .  P r o f e s s o r  
M e l v i n  E i s n e r  a n d  D r .  G r e g o r y  Haas h a v e  j o i n e d  o u r  f a c u l t y ,  b r i n g i n g  
a n  e x c e p t i o n a l  e x p e r i m e n t a l  c a p a b i l i t y  i n  Plasma P h y s i c s  t o  t h i s  a r ea .  

The p r o g r a m  i s  

The i n v e s t i g a t i o n s  f o r  t h e  p a s t  y e a r  h a v e  y i e l d e d  t o  d a t e  s e v e n  
M.S. t h e s e s  and  one  P h . D .  t h e s i s .  Work c u r r e n t l y  i n  p r o g r e s s  o n  t h e  
p r e s e n t  g r a n t  w i l l  y i e l d  t h r e e  M.S. t h e s e s  and  f o u r  Ph.D. t h e s e s .  
New r e s e a r c h  i n i t i a t e d  u n d e r  t h e  s u p p l e m e n t a r y  g r a n t  i s  e x p e c t e d  t o  
g e n e r a t e  a s i m i l a r  o u t p u t  o f  t r a i n e d  g r a d u a t e s .  A l l  o f  t h e  r e s e a r c h  
r e s u l t s  h a v e  b e e n  p r e s e n t e d  a s  p a p e r s  a t  m e e t i n g s  o f  p r o f e s s i o n a l  
s o c i e t i e s  w h e n e v e r  a p p r o p r i a t e .  Many o f  t h e  r e s e a r c h  t o p i c s  o u t l i n e d  
b e l o w  a r e  i n  v a r i o u s  s t a g e s  o f  s u b m i s s i o n  f o r  p u b l i c a t i o n .  I t  i s  t h e  
p o l i c y  o f  t h e  D e p a r t m e n t  o f  P h y s i c s  t o  e x p e d i t e  p u b l i c a t i o n  o f  r e s e a r c h  
r e s u l t s  whenever  t h e y  a r e  o f  s u b s t a n t i v e  o r  t o p i c a l  n a t u r e .  P u b l i -  
c a t i o n  o f  some r e s u l t s  may b e  d e f e r r e d  u n t i l  c o m p l e t i o n  o f  a s p e c i f i c  
p r o g r a m .  We r e v i e w  t h e  p r o g r a m  c o n t e n t  o f  g r a n t - f u n d e d  r e s e a r c h  
p e r i o d i c a l l y  t o  e n s u r e  t h e  q u a l i t y  a n d  r e l e v a n c e  o f  work b e i n g  s u p -  
p o r t e d  u n d e r  i n d i v i d u a l  g r a n t s .  T h i s  i s  e n s u r e d  by e a r l y  s u b m i s s i o n  
o f  work f o r  p u b l i c a t i o n  a n d  s c i e n t i f i c  s c r u t i n y .  Some t e c h n i c a l  
p r o g r a m s  do n o t  y i e l d  m a t e r i a l  o f  p u b l i s h a b l e  n a t u r e .  Such  p r o g r a m s  
a r e  s u b j e c t e d  t o  t h e  c o n t i n u i n g  r e v i e w  o f  i n t e r e s t e d  p e r s o n n e l  a t  
NASA-MSC i n  c o n n e c t i o n  w i t h  d e v e l o p m e n t  of  p r o g r a m s  a t  t h a t  c e n t e r .  
C u r r e n t  p u b l i c a t i o n s  a s s o c i a t e d  w i t h  t h i s  c o n t r a c t  i n c l u d e  a t r a n s -  
l a t i o n  o f  E .  C a r t a n ' s  L e c t u r e s  on I n t e g r a l  I n v a r i a n t s ,  b y  J .  P i e r c e  
a n d  8. M .  K i e h n ;  R .  M .  Kiehn ,  " P o i n c a r e  S t r e s s e s  a n d  Mach ' s  P r i n c i p l e , "  
B u l l .  A.P .S .  11, 773, 1966 ;  A .  F .  H i l d e b r a n d t  a n d  H .  E .  C o r k e ,  
" P r e s s u r e  S t u d i e s  of  P u r e  S u p e r f l u i d  Flow", Phys .  F l u i d s  155, March 
1968 ;  N .  S .  Kovar and  R .  P .  Kovar,  I 1 O p t i c a l  Pumping a n d  t h e  D L ine  



Ratio of Comet 1962 III", Solar Physics, April 1968; J. W. Kern and 
C. L. Semar, "Solar-Wind Termination and the Interstellar Medium", 
Trans. Am. Geophys. Union 49, 263-264, 1968. It is expected that the 
current results will yield a significant number of additional papers. 
Available reprints of papers reporting investigations supported under 
this contract will be forwarded with the semiannual reports for the 
supplementary grant. 4 

The following is, then, a more detailed summary of work done 
under the current contr.act. F o r  each research project, a separate 
report is given which indicates the work done, the results obtained, 
d e g r e e s  earned by graduate students involved, the work remaining to 
be done, and, where appropriate, the status of the publication 
resulting from the work. 

Questions regarding the work described in this grant may be 
directed to Dr, John W. Kern, Chairman, Department of Physics, 
University of Houston, Houston, Texas 7 7 0 0 4 ,  (713) 748-6600, 
Extension 691. The investigators named in the body of the report 
may be contacted individually regarding their work at the same 
address. 
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1. Low T e m p e r a t u r e  P h y s i c s ,  D r ;  A l v i n  F .  H i l d e b r a n d t ,  A s s o c i a t e  
P r o f e s s o r  o f  P h y s i c s .  

a )  Second Sound i n  a Moving Coordinat/G S y s t e m .  E a r l  M .  J o h n s o n  a n d  
A .  F .  H i l d e b r a n d t .  

An u n u s u a l  p r o p e r t y  d i s p l a y e d  by  l i q u i d  h e l i u m  be low 2.17OK, i s  
t h e  a b i l i t y  o f  h e l i u m  I1 t o  c o n d u c t  h e a t  i n  t h e  form o f  a wave m o t i o n  
o f  s u p e r f l u i d  r a t  t h a n  t h e  u s u a l  p r o c e s s e s  s u c h  a s  d i f f u s i o n  a n d  
c o n v e c t i o n .  
v e r s i o n  o f  a t w o - f l u i d  t h e o r y .  H e  n o t e d  t h a t  i f  t h e  two f l u i d s  were 
p r e s e n t  t o g e t h e r  a n d  if t h e  c o u p l i n g  b e t w e e n  them was s m a l l ,  t h e n  
t h e  two f l u i d s  s h o u l d  b e  a b l e  t o  o s c i l l a t e  o u t  o f  p h a s e  w i t h  e a c h  
o t h . e r .  T h i s  o s c i l l a t i o n ' w o u l d  be s y b j e c t  t o  t h e  s o n d i t i z n  o f  no  
n e t  f l o w  o f  mass, t h a t  i s  p v 
v e l o c i t i e s  o f  t h e  n o r m a l  a n 8  g u p e r s l u i d  componentsnrespec?ively. 
a b o v e ' c o n d i t i o n s  r e p r e s e n t  a p r o g r e s s i v e  wave m o t i o n  i n  wh ich  
a l t e r n a t e  r e g i o n s  o f  t h e  l i q u i d  e x h i b i t  a n  e x c e s s  a n d  d e f e c t  of 

. e n t r o p y  and  c o n s t i t u t e  a t e m p e r a t u r e  wave. T h e s e  waves d i f f e r  from 
o r d i n a r y  sound  i n  wh ich  t h e  f l u i d s  move i n  p h a s e  a n d  t h e  excess a n d  
d e f e c t  i s  o n e  o f  p r e s s u r e .  L a n d a u ' s ( * )  t h e o r y  o f  l i q u i d  h e l i u m  I1 
a l s o  p r e d i c t e d  t e m p e r a t u r e  waves t o  wh ich  h e  g a v e  t h e  name " s e c o n d  
s o u n d " .  

I T i z a t f f  p r e d i c t e d  t h i s  p r o p e r t y  a s  a c o n s e q u e n c e  o f  h i s  

+ p vs  = 0 ,  w h e r e  v and  v a r e  t h e  
The 

From o r d i n a r y  h y d r o d y n a m i c s  i t  is known that an  l l e n t r a i n m e n t l l  o f  
s o u n d  o c c u r s  i n  a moving f l u i d .  A s i m i l a r  e f f e c t  i s  e x p e c t e d  t o  
t a k e  p l a c e  i n  t h e  h y d r o d y n a m i c s  o f  h e l i u m  11. The l l e n t r a i n m e n t l l  o f  
s e c o n d  s o u n d  i n  cou  t e r  f l o w i n g  s u p e r f l u i d  a n d  n o r m a l  f l u i d  i s  e x p e c t e d ,  
a c c o r d i n g  t o  t h e o r y T 3 ) ,  t o  be a c o m p l i c a t e d  f u n c t i o n  o f  t e m p e r a t u r e .  
The v e l o c i t y  o f  s e c o n d  s o u n d  i n  c o u n t e r  f l o w i n g  s u p e r f l u i d  a n d  n o r m a l  
f l u i d  i s  g i v e n  by t h e  e x p r e s s i o n  

w h e r e  c 2  i s  t h e  v e l o c i t y  o f  s econd  s o u n d  i n  s t a t i o n a r y  h e l i u m  11, v 
i s  t h e  v e l o c i t y  o f  t h e  no rma l  f l u i d  component  and  y i s  t h e  e n t r a i n m z n t  
c o e f f i c i e n t .  The d e p e n d a n c e  o f  y on t e m p e r a t u r e  i s  shown i n  f i g u r e  (1).  

I n  o r d e r  t o  v e r i f y  K h a l a t n i k o v ' s  t h e o r y  ( 3 )  i t  i s  n e c e s s a r y  t o  
s t u d y  t h e  e f f e c t i v e  t i m e  o f  f l i g h t  o f  a s e c o n d  sound  p u l s e  i n  t h e  
p r e s e n c e  o f  a t h e r m a l  c u r r e n t ,  ( c o u n t e r  f l o w i n g  s u p e r f l u i d  and  n o r m a l  
f l u i d ) .  

I f  we c o n s i d e r  t h e  t i m e  o f  f l i g h t  o f  a s e c o n d  sound  p u l s e  i n  
s t a t i o n a r y  h e l i u m  I1  we h a v e  t 
t h e  s e c o n d  s o u n d  t r a n s m i t t e r  and  r e c e i v e r  and  c 2  i s  t h e  v e l o c i t y  o f  

= x / c 2 ,  w h e r e  x i s  t h e  d i s t a n c e  b e t w e e n  1 
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s e c o n d  sound  i n  s t a t i o n a r y  h e l i u m  11, Now i f  we m e a s u r e  t h e  t i m e  o f  
f l i g h t  o f  a s e c o n d  sound  p u l s e  w i t h  a t h e r m a l  c u r r e n t  p r e s e n t  w e  
h a v e  t 2  = x / u ,  where  p i s  g i v e n  by e q u a t i o n  ( l ' ) ,  u = c 2  + y v  e 

d i f f e r e n c e ,  t l  - t 2 ,  w i l l  b e  t h e  c h a n g e  i n  t h e  t ime  o f  f l i g h t  d u e  t o  
t h e  I 1 e n t r a i n m e n t "  o f  s e c o n d  sound i n  moving helium 1 1 .  

A measu remen t  h a s  b e e n  made o f  t h e  c h a n g e  i n  t i m e  o f  f $ i g h t + o f  a 
s econd+sound  p u l s e  a s  a f u n c t i o n  o f  t h e  r e i a t i v e  v e l o c i t y  (v  
where  v n  i s  t h e  n o r m a l  f l u i d  v e l o c i t y  2nd v s  i s  t h e  s u p e r f l u y d  
v e l o c i t y .  From t h i s  measu remen t  w e  may i n f e r  how t h e  r e f e r e n c e  f r a m e  
o f  s e c o n d  s o u n d  v a r i e s  w i t h  t h e  m o t i o n  o f  t h e  n o r m a l  f l u i d  a n d  t h e  
s u p e r f l u i d .  The  c h a n g e  i n  t i m e  o f  f l i g h t  was m e a s u r e d  w i t h i n k O . 1 4  x 
s e c o n d s .  

The 

- v s ) ,  

The c h i e f  p r o b l e m  e n c o u n t e r e d  was t h e  a c c u r a t e  m e a s u r e m e n t ' o f  
t h e  c h a n g e  i n  t h e  t i m e  of  f l i g h t  o f  a s e c o n d  s o u n d  p u l s e  a s  a f u n c t i o n  
o f  c o u n t e r  f l o w i n g  s u p e r f l u i d  and n o r m a l  f l u i d  f o r  small v e l o c i t i e s .  
I f  we c a l c u l a t e  t h e  c h a n g e  o f  t h e  t i m e  o f  f l i g h t  o f  a s e c o n d  sound  
p u l s e  a t  a t e m p e r a t u r e  o f  1 . 4 3 ' K  and  a n o r m a l  f l u i d  v e l o c i t y  o f  0 . 5  
c m / s e c  we o b t a i n  a v a l u e  o f  1 . 2  m i c r o s e c o n d s  f rom t h e o r y ( 3 ) .  
d i s t a n c e  b e t w e e n  t h e  s e c o n d  sound t r a n s m i t t e r  a n d  r e c e i v e r  b e i n g  10  cm. 

The 

Two p r o b l e m s  were e n c o u n t e r e d .  F i r s t ,  t h e  v e l o c i t y  o f  s e c o n d  
s o u n d  i s  a s t r o n g  f u n c t i o n  o f  t e m p e r a t u r e  and t h e  s e c o n d  i s  t h e  p r o f i l e  
o f  t h e  r e c e i v e d  s e c o n d  s o u n d  p u l s e  a s  a f u n c t i o n  o f  t h e  power  i n p u t  t o  
t h e  s e c o n d  s o u n d  t r a n s m i t t e r .  1 o i t  h a s  b e e n  shown t h e o r e t i c a l l y  
by T e m p e r l e y ( 4 )  and  Kh l a t n i k ~ v ~ ' ~  a n d  e x p e r i m e n t a l l y  v e r i f i e d  by 

I D e s s l e r  and  F a i r b a n k ( 6 y  t h a t  n o n l i n e a r  e f f e c t s  a r e  p r e s e n t .  

A s e c o n d  s o u n d  p u l s e  was c o n s t r a i n e d  t o  p r o p a g a t e  i n  a s e c o n d  
s o u n d  c e l l ,  f i g u r e  ( 2 ) .  The s e c o n d  s o u n d  c e l l  c o n s i s t e d  o f  a b r a s s  
t u b e  o f  3 / 8  i n c h  i n n e r  d i a m e t e r ,  1 i n c h  o u t e r  d i a m e t e r  a n d  a l e n g t h  
o f  3 . 9 3 7  i n c h e s ,  t h e  t o t a l  l e n g t h  b e i n g  7 . 5  i n c h e s .  I n  t h e  7 / 8  
i n n e r  d i a m e t e r  p o r t i o n  of  t h e  second  s o u n d  c e l l  a h e a t e r  o f  1 0 5  * 0 . 1 %  
ohms a n d  a s e c o n d  s o u n d  t r a n s m i t t e r  made o f  I . R . C .  r e s i s t a n c e  s t r i p s  
w e r e  p l a c e d .  A f t e r  t h e  h e a t e r  and t r a n s m i t t e r  were i n s t a l l e d  t h e  
end o f  t h e  b r a s s  t u b e  was s e a l e d  by  s o f t  s o l d e r i n g  a b r a s s  d i s c  i n  
p l a c e  a t  t h e  end  of  t h i s  p o r t i o n  o f  t h e  s e c o n d  sound  c e l l .  Four  
s t u b a k o p f f s  w e r e  i n s e r t e d  i n  t h e  wa l l s  o f  t h e  b r a s s  t u b e  t o  make 
e l e c t r i c a l  c o n t a c t  w i t h  t h e  t r a n s m i t t e r  and  h e a t e r .  A s  t h i s  p o r t i o n  
o f  t h e  s e c o n d  sound  c e l l  was s e a l e d  t h e  o n l y  o p e n i n g  t o  t h e  l i q u i d  
h e l i u m  11 b a t h  was a t  t h e  3 / 8  i n c h  o p e n i n g  a t  t h e  o t h e r  end o f  t h e  
s e c o n d  s o u n d  c e l l .  A t  t h e  open  end  o f  t h e  s e c o n d  sound  c e l l  a s e c o n d  
s o u n d  r e c e i v e r  was p l a c e d .  Both t r a n s m i t t e r  and  r e c e i v e r  were a 
f i x e d  d i s t a n c e  w i t h  r e s p e c t  t o  e a c h  o t h e r .  The t r a n s m i t t e r  c o n s i s t e d  
o f  a t h i n  l a y e r  of c a r b o n  on  a p h e n o l i c  b a c k i n g ,  e l e c t r i c a l  c o n t a c t  
was made w i t h  s i l v e r  p a i n t  e l e c t r o d e s .  The t r a n s m i t t e r  was made 
s q u a r e  a s  t o  p r o v i d e  a u n i f o r m  h e a t  f l o w  d e n s i t y  t h r o u g h  t h e  who le  
wave f r o n t .  The r e s i s t a n c e  of  t h e  t r a n s m i t t e r  a t  room t e m p e r a t u r e  
was a p p r o x i m a t e l y  SO ohms p e r  s q u a r e  a n d  a p p r o x i m a t e l y  200 ohms p e r  
s q u a r e  a t  1.5 'K. The s e c o n d  sound r e c e i v e r  was c o n s t r u c t e d  by p a i n t i n g  

I 
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an a q u a d a g  l a y e r  on  a s q u a r e  p h e n o l i c  b a c k i n g .  S e v e r a l  c o a t s  h a d  t o  

t e m p e r a t u r e  t h e  r e s i s t a n c e  was a p p r o x i m a t e l y  100  t o  1000  ohms p e r  
s q u a r e  d e p e n d i n g  o n  how many c o a t s  o f  a q u a d a g  w e r e  a p p l i e d  t o  t h e  
p e h n o l i c  b a c k i n g .  Because  o f  t h e  n e g a t i v e  t e m p e r a t u r e  c o e f f i c i e n t  o f  
a q u a d a g  t h e  r e s i s t a n c e  would i n c r e a s e  a;s t h e  t e m p e r a t u r e  was l o w e r e d ,  
T h e ' t e m p e r a t u r e  c o e f f i c i e n t  was found  t'o b e  a p p r o x i m a t e l y  1000  ohms 
p e r  d e g r e e .  

I b e  a p p l i e d  b e f o r e  t h e  p r o p e r  r e s i s t a n c e  v a l u e  was o b t a i n e d .  A t  room 

D u r i n g  measurements .  o f  t h e  time o f  f l i g h t  o f  t h e  s e c o n d  s o u n d  
p l s e ,  t h e  s e c o n d  sound c e l l  w a s  c o m p l e t e l y  submerged  i n  t h e  l i q u i d  
h e l i u m  I1 b a t h .  The t e m p e r a t u r e  was d e t e r m i n e d  f rom t h e  v a p o r  
p r e s s u r e  o f  t h e  b a t h ,  measu red  by a W a l l a c e  a n d  T i e r n a n  A b s o l u t e  
P r e s s u r e  g a u g e .  The h i g h  t h e r m a l  c o n d u c t i v i t y  o f  h e l i u m  I1 a s s u r e d  
t h a t  t h e  t e m p e r a t u r e  i n s i d e  t h e  second  s o u n d  c e l l  was v e r y  c l o s e  t o  
t h a t .  o f  t h e  a m b i e n t  b a t h .  

The e l e c t r o n i c  s y s t e m  u s e d  i n  t h i s  e x p e r i m e n t  i s  r e p r e s e n t e d  i n  
f i g u r e ' ( 3 )  by a b l o c k  d i a g r a m .  A s q u a r e  p u l s e  was g e n e r a t e d  f rom a 
p u l s e  g e n e r a t o r  t h a t  c o n s i s t e d  o f  a R-S f l i p - f l o p  c i r c u i t  and  a variable 
m o n o s t a b l e  c i r c u i t .  The R - S  f l i p - f l o p  was t r i g g e r e d  by  a manual  s w i t c h  
o r  a S c h m i d t  t r i g g e r  c i r c u i t  which was d r i v e n  by  a v a r i a b l e  f r e q u e n c y  
a u d i o  o s c i l l a t o r .  F i g u r e  ( 4 )  i s  a s c h e m a t i c  o f  t h e  p u l s e  g e n e r a t o r  
c i r c u i t .  By c h a n g i n g  t h e  f r e q u e n c y  o f  t h e  a u d i o  o s c i l l a t o r  t h e  
r e p e t i t i o n  r a t e  o f  t h e  p u l s e  was v a r i e d .  C o n t i n u o u s  s e c o n d  sound  
p u l s e s  were u s e d  o n l y  t o  c h e c k  t h e  e l e c t r o n i c s  d u r i n g  t h e  e x p e r i m e n t .  
The f u n c t i o n  o f  t h e  v a r i a b l e  m o n o s t a b l e  was t o  v a r y  t h e  p u l s e  w i d t h .  
The p u l s e  p r o d u c e d  by t h e  p u l s e  g e n e r a t o r  had  a r i s e  t ime  o f  40  n a n o -  
s e c o n d s  and  a v a r i a b l e  w i d t h  o f  1 0  m i c r o s e c o n d s  t o  160  m i c r o s e c o n d s .  
The p u l s e  was t h e n  f e d  i n t o  a t i m i n g  l o g i c  n e t w o r k .  The t i m i n g  l o g i c  
n e t w o r k  h a d  s i x  d i f f e r e n t  o u t p u t s ,  l a b e l e d  1 , 2 , 3 , 4 , 5 ,  and  6 i n  
f i g u r e  ( 3 ) .  F i g u r e  (5)  i s  a s c h e m a t i c  o f  t h e  t i m i n g  l o g i c  n e t w o r k .  

O u t p u t  1 o f  t h e  t i m i n g  l o g i c  n e t w o r k  p r o d u c e d  a n e g a t i v e  s q u a r e  
p u l s e  w h i c h  was f e d  i n t o  power a m p l i f i e r  A .  F i g u r e  ( 6 )  i s  a s c h e m a t i c  
o f  power  a m p l i f i e r  A which  i s  s imi l a r  t o  power a m p l i f i e r  B r e p r e s e n t e d  
i n  f i g u r e  ( 3 ) .  The o u t p u t  o f  power a m p l i f i e r  A was c o n n e c t e d  v i a  a 
c o a x i a l  c a b l e  t o  a s e c o n d  s o u n d  t r a n s m i t t e r  T l o c a t e d  i n  t h e  s e c o n d  
s o u n d  c e l l  wh ich  was l o c a t e d  i n  t h e  h e l i u m  I1 b a t h .  O u t p u t  6 o f  t h e  
t i m i n g  l o g i c  n e t w o r k  p r o d u c e d  a p o s i t i v e  s q u a r e  p u l s e  wh ich  was f e d  
i n t o  t h e  e x t e r n a l  t r i g g e r  i n p u t  o f  a T e k t r o n i c  551  Dual-Beam o s c i l l o -  
s c o p e .  

1 

R e c e i v e r  R was c o n n e c t e d  i n  s e r i e s  by a c o a x i a l  c a b l e  t o  a 
c o n s t a n t  c u r r e n l  c o n t r o l  d e v i c e  and impedance  m a t c h i n g  d e v i c e .  
b i a s  c u r r e n t  o f  a p p r o x i m a t e l y  one m i l l i a m p e r e  was p a s s e d  t h r o u g h  
r e c e i v e r  R 

A d . c .  

The r e s i s t a n c e  o f  R changed  a s  t h e  s e c o n d  s o u n d  p u l s e  1' 1 
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i m p i n g e d  upon t h e  s u r f a c e  o f  R1 p r o d u c i n g  a c h a n g e  i n  v o l t a g e  a c r o s s  

R1. T h i s  c h a n g e  i n  v o l t a g e  was f e d  t h r o u g h  t h e  c o n s t a n t  c u r r e n t  a n d  
impedance  m a t c h i n g  d e v i c e  i n t o  a p u l s e  a m p l i f i e r .  F i g u r e  (7) i s  a 
s c h e m a t i c  o f  t h e  p u l s e  a m p l i f i e r .  The o u t p u t  o f  t h e  p u l s e  a m p l i f i e r  
was f e d  i n t o  i n p u t  1 0  o f  t h e  t u n n e l  d i o d e  l e v e l  d e t e c t o r .  

T h e  t u n n e l  d i o d e  l e v e l  d e t e c t o r  w a s  u t i l i z e d  t o  d e t e c t  t h e  
r e l a t i v e  t i m e  o f  a r r i v a l  of  t h e  second!,sound p u l s e  t o  a h i g h  d e g r e e  
o f  a c c u r a c y  a n d  r e p r o d u c i b i l i t y .  A t u n n e l  d i o d e  w i l l  s w i t c h  i t s  
s t a t e  i n  l e s s  t h a n  o n e  n a n o s e c o n d  when a s i g n a l  v o l t a g e  o f  a few 
m i l l i v o l t s  i s  r e c e i v e d .  F i g u r e  (8 )  i s  a s c h e m a t i c  o f  t h e  t u n n e l  
d i o d e  l e v e l  d e t e c t o r  s y s t e m .  When t h e  t u n n e l  d i o d e  i s  b i a s e d  i n  i t s  
low v o l t a g e  or h i g h  c u r r e n t  s t a t e  i t  c a n  b e  s w i t c h e d  t o  a h i g h  
v o l t a g e  o r  low c u r r e n t  s t a t e  b y  a s i g n a l  v o l t a g e  which  e x c e e d s  a 
p r e s e l e c t e d  t r i g g e r  l e v e l .  The t r i g g e r  l e v e l  was d e t e r m i n e d  by t h e  
low v o l t a g e  s t a t e  b i a s  w h i c h  was a c c o m p l i s h e d  b y  a d j u s t i n g  t h e  
v a r i a b l e  r e s i s t o r  R . A p u l s e  from t h e  t i m i n g  l o g i c  was f e d  i n t o  
t h e .  t u n n e l  d i o d e  l e a e l  d e t e c t o r  a t  p i n  9 w h i c h  r e s e t  t h e  t u n n e l  d i o d e  
i n t o  a low v o l t a g e  s t a t e .  T h e  r e c e i v e d  s e c o n d  s o u n d  p u l s e  s i g n a l  
t h e n  t r i g g e r e d  t h e  t u n n e l  d i o d e  l e v e l  d e t e c t o r  t o  a h i g h  v o l t a g e  s t a t e .  
T h u s ,  a v o l t a g e  p u l s e  was p r o d u c e d  whose w i d t h  was p r o p o r t i o n a l  t o  
t h e  t i m e  o f  f l i g h t  o f  t h e  s e c o n d  s o u n d  p u l s e .  The t u n n e l  d i o d e  
v o l t a g e  pulse was t h e n  amplified by t r a n s i s t o r s  Q 6  a n d  Q, t o  o p e n  t h e  
t i m i n g  g a t e  i n  f i g u r e  ( 9 ) .  While t h e  t i m i n g  g a t e  was o p e n  a 1 0  mega- 
c y c l e  s i g n a l  was c o u n t e d  by a H e w l e t t  P a c k a r d  5245L f r e q u e n c y  c o u n t e r .  
An i n d i v i d u a l  t i m e  o f  f l i g h t  was m e a s u r e d  t o  w i t h i n  * 0 . 1  m i c r o -  
s e c o n d .  An o u t p u t  f rom t h e  f r e q u e n c y  c o u n t e r  was f e d  i n t o  a H e w l e t t  
P a c k a r d  D i g i t a l  R e c o r d e r  R50-562A. The d i g i t a l  r e c o r d e r  p r i n t e d  o u t  
e a c h  t ime  o f  flight of t h e  second sound p u l s e  t h a t  was r e c o r d e d  on 
t h e  f r e q u e n c y  c o u n t e r .  

F i g u r e s  ( l o ) ,  ( l l ) ,  ( 1 2 ) ,  and ( 1 3 )  a r e  g r a p h s  o f  t h e  c h a n g e  i n  
t h e  t i m e  o f  f l i g h t  o f  a s e c o n d  sound p u l s e  a s  a f u n c t i o n  o f  t h e  n o r m a l  
f l u i d  v e l o c i t y .  I t  s h o u l d  b e  n o t e d  t h a t  t h e  c h a n g e  i n  t i m e  o f  f l i g h t  
i s  i m p l i c i t l y  a f u n c t i o n  o f  t h e  s u p e r f l u i d  v e l o c i t y ,  e q u a t i o n  ( 1 ) .  

I n  f i g u r e  ( 1 1 )  i t  i s  n o t  u n d e r s t o o d  why t h i s  d a t a  i s  n o t  i n  good 
a g r e e m e n t  w i t h  t h e o r y .  I t  was c o n s i d e r e d  t h a t  t h e  b e s t  p o s s i b l e  
d a t a  would  b e  a t  t h e  t e m p e r a t u r e  1.6S°K s i n c e  t h e  v e l o c i t y  o f  s e c o n d  
s o u n d  i s  l e a s t  s e n s i t i v e  t o  t e m p e r a t u r e  c h a n g e s .  A l s o  i n  K h a l a n i t k o v ' s  
t h e o r y  t h i s  t e m p e r a t u r e  seems a l o g i c a l  t e m p e r a t u r e  t o  m e a s u r e  t h e  
c h a n g e  i n  t h e  t i m e  o f  f l i g h t  o f  a s e c o n d  sound p u l s e  a s  a f u n c t i o n  o f  
c o u n t e r - f l o w i n g  s u p e r f l u i d  a n d  normal  f l u i d .  

F i g u r e  (14)  i s  a c o m p o s i t e  o f  t h e  g r a p h s  o f  t h e  c h a n g e  i n  t h e  
t i m e  o f  f l i g h t  a s  a f u n c t i o n  o f  t h e  n o r m a l  f l u i d  v e l o c i t y .  The d a t a  
p o i n t  a t  t h e  t e m p e r a t u r e  o f  1'.65'K c o n s i s t  o f  o n l y  t h e  f i r s t  f o u r  
d a t a  p o i n t s  t a k e n ,  Each d a t a  p o i n t  i s  composed o f  300 t o  400  c h a n g e s  
i n  t h e  t i m e  o f  f l i g h t  o f  a second s o u n d  p u l s e .  
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All data taken are in agreement both qualitatively and quani- 

From this data it is possible to infer that the velocity of' 

tatively with Khalatnikov's theoryc3). 

second sound is relative to both the superfluid and normal fluid 
I components. 

From the fact that the entrainmeni coefficient, y, in Khalatnikov's 
theory changes sign at several temperatures, figure (l), it follows 
that the "entrainment" of the second sound can take place whether in 
the direction of the thermal current or in the opposite direction to 
the thermal current. To observe  this effect we would n e e d  to cover 
the temperature range from l.G°K down to 2.IoK. A measurement of the 
change in the time of flight of a second sound pulse as a function of 
the superfluid velocity alone can be accomplished by clamping the 
normal fluid. I 

I 

. A long standing problem in superfluid physics is the question: 
Can helium I1 be made to rotate as a whole o r  does the superfluid 
component remain at rest and the normal fluid rotate(')? R.G. Wheeler, 
C. H. Blackwood and C. T. Lane(8) have reported that the time of 
flight of a second sound pulse is constant in rotating helium 11. 
The results of the above experiment indicates the time of flight of 
second sound should also change in a rotating coordinate system if 
indeed the fluid rotates. This proposed experiment will permit 
investigation of the proposed irrotational nature of the superfluid 
velocity. Using the pulse technique this investigation can be carried 
out. The experimental rotational apparatus has already been developed 
from previous designs (9). 

Because second sound of superfluid helium obeys a scalar theory, 
it has been argued that the velocity of second sound would be un- 
affected by rotation. From the results of the linear flow of the 
normal component of helium I1 the velocity of second sound does 
change. From this we infer that the time of flight of a second 
sound pulse should also change in a rotating coordinate system if, 
indeed, the fluid rotates. This will permit experimental investi- 
gation of the proposed curless nature of the superfluid velocity. 

The linear flow research has been approved for a M.S. thesis and I 
a manuscript is being prepared for publication. I 

b) Pressure Measurement in Superfluid Helium Flow. H .  E. Corke and 
A .  F. Hildebrandt. 

The results of this work has been published in Physics of Fluids, 
- 11, 155, March 1968. A copy of the published paper is attached. 
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c) Quantization of Vortices in Simply and Doubly Connected Superfluid 
Regions, Thomas N. C. Tsien and Alvin F .  Hildebrandt. 

The quantization of superfluid about a spinning rod is being 
studied. Evidence of quantized circulation can be illustrated by a 
very accurate determination of superf1,bid flow past the rod using 
capacitance techniques developed by Cogke and Hildebrandt in the 
previous report. A cylindrical coaxial capacitance has been designed 
as a level sensor capable of detecting superfluid level changes o f  

cm. The level sensor requires an up-down counter which has been 
piirchased by the University. The rotating apparatus  and associated 
electronics has been designed and is being assembled. 
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2 .  Solid State Physics. Dr. D. C. Rich, Professor of Physics. 
I 

During the current contract period(vwork on the properties of 
metals has continued using magnetoacoustic techniques. The electronic 
contribution to the acoustic’properties of a medium can be calculated 
by writing the equation of motion for the medium and solving for the 
dispersion relation. The basic equation of motion is 

d2Si 
aT../ x (1 1 

1~ j 
p - =  

dt2 
where Ei is the elastic djsplacement and Tij is the stress tensor. 
the a’bsence of phonon-electron interaction, 

In 

where 

Ti j 

is the strain tensor. 
dispersion relation is 

In the simple case of an isotropic medium the 

w = ks ( 4  1 
where 

is the velocity of the wave. 

Electron-phonon interactions are inserted into the equations by 
appropriately altering the stress-strain relations , eq. ( 2 ) .  Where 
the electron-phonon coupling is via a deformation potential, eq. (2) 
has the form (Ref 3 )  

s - CniCfk 
i jk = ‘jktrn Rm 

where Ci and cariler k density ni. 
is the deformation potential tensor for carriers of type i 

The equation of motion is then, for a one-dimensional medium, 
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T h i s  c a n  b e  s o l v e d  by n o t i n g  t h a t  6 Qc exp  [ i ( q x - u t ) ] ,  where  w ,  q a r e  
t h e  f r e q u e n c y  and  wave number of t h e  sound wave a z d  by  s e t t i n g  

n = n y + n  1 
i i 

wherean '  i s  t h e  d e n s i t y  o f  c a r r i e r s  i n  t h e  a b s e n c e  o f  t h e  s o u n d  wave 
and  n1 f s  a p e r t u r b a t i o n ,  a l s o  assumed p r o p o r t i o n a l  t o  e x p  [ i ( q x - w t ) ] .  
The c a r r i e r  d e n s i t i e s  a r e  w r i t t e n  i n  t e r m s  o f  t h e  r e s p e c t i v e  c u r r e n t  
d e n s i t i e s  by means o f  t h e  e q u a t i o n s  o f  c o n t i n u i t y  a n d  t h e  c u r r e n t  
d e n s i t i e s  c a n  b e  r e l a t e d  t o  e x t e r n a l l y  a p p l i e d  e l e c t r i c  and  m a g n e t i c  
f i e l d s  by means o f  c o n s t i t u t i v e  r e l a t i o n s  d e r i v e d  f rom m a n i p u l a t i o n  
o f  t h e  Bol tzman t r a n s p o r t  e q u a t i o n .  When t h i s  c o m p l i c a t e d  p r o c e s s  
i s  c a r r i e d  t h r o u g h  ( r e f  l ) ,  t h e  d e s i r e d  d i s p e r s i o n  r e l a t i o n  i s  o b t a i n e d  
f o r  l o n g i t u d i n a l  waves :  

i 

(9 )  
2 2 .2 

2 2  w = q s  [ 1 +  
2pe u s  

where  olt1 i s  a n  e f f e c t i v e  c o n d u c t i v i t y  i n  t h e  d i r e c t i o n  o f  p r o p a g a t i o n  
and  i n c l u d e s  e f f e c t s  o f  e x t e r n a l  f i e l d s .  The v e l o c i t y  o f  s o u n d  i s  
t h e  r e a l  p a r t  o f  w/q; t h i s  g i v e s  f o r  t h e  n o r m a l i z e d  c h a r g e  i n  s (Ref  2 )  

As q 2 ( c , + c p ) 2  I 

- =  R m a l l  ( 1 0 )  
S 2 2  pe u s  

D u r i n g  t h e  c u r r e n t  r e p o r t i n g  p e r i o d ,  work h a s  c o n t i n u e d  on a n  
e x p e r i m e n t  t o  m e a s u r e  t h e  v e l o c i t y  o f  sound  o f  u l t r a s o n i c  p u l s e s  i n  
B i smuth  s i n g l e  c r y s t a l s  when V d X  V , where  V i s  t h e  d r i f t  v e l o c i t y  
o f  c o n d u c t i o n  e l e c t r o n s  and  V s  i s  t h e  v e l o c i g y  o f  s o u n d .  
c a l l y  e x p e c t e d  b e h a v i o r  i s  shown i n  F i g .  1. 

The t h e o r e t i -  

The n e c e s s a r y  h i g h  d r i f t  v e l o c i t y  o f  t h e  e l e c t r o n s  i n  t h e  s a m p l e  
c a n  b e  e s t a b l i s h e d  by i m p o s i n g  m u t u a l l y  p e r p e n d i c u l a r  D . C .  e l e c t r i c  
and  m a g n e t i c  f i e l d s  i n  t h e  s a m p l e .  To e s t a b l i s h  t h e  n e c e s s a r y  e l e c t r i c  
f i e l d  i t  i s  n e c e s s a r y  t o  p a s s  l a r g e  c u r r e n t s  t h r o u g h  t h e  s a m p l e  w h i l e  
l i m i t i n g  power  d i s s i p a t i o n  i n  t h e  c r y s t a l  t o  l e v e l s  which  c a n  b e  t o l e r a -  
t e d  i n  a n  e x p e r i m e n t  p e r f o r m e d  i n  l i q u i d  h e l i u m  n e c e s s i t a t e s  p u l s i n g  
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t h e s e  l a r g e  c u r r e n t s .  The pulse g e n e r a t o r  i n  F i g .  2 was d e s i g n e d  and  
c o n s t r u c t e d  f o r  t h i s  p u r p o s e ;  i t  w i l l  f u r n i s h  45  ampere  p u l s e s  o f  d u r a -  
t i o n  up t o  4 0 0  p s e c  a t  r e p e t i t i o n  r a t e s I v p  t o  4 0  p u l s e s / s e c .  T h i s  
c u r r e n t  c a p a b i l i t y  i s  a l s o  a d e q u a t e  f o r  u l t r a s o n i c  a m p l i f i c a t i o n  e x p e r i -  
m e n t s ,  which  r e q u i r e  V d > >  V , 

e x p e r i m e n t  a w a i t s  p r e p a r a t i o n  o f  a s u i t a b l e  sai i iyle .  Sismuth s i n g l e  
c r y s t a l s  were f o u n d  d i f f i c u l t  t o  machine  on a s p a r k  m a c h i n e ;  t e n  o f  
e l e v e n  s i n g l e  c r y s t a l s  r e c r y s t a l i z e d  d u r i n g  s p a r k  p l a n n i n g .  F o r  t h i s  
r e a s o n  a n  a c i d  p l a n n i n g  mach ine  h a s  b e e n  d e s i g n e d  and  i s  now u n d e r  
c o n s t r u c t i o n .  

S 

A l l  e x p e r i m e n t a l  a p p a r a t u s  h a s  b e e n  c o m p l e t e d ;  c o m p l e t i o n  o f  t h e  

I 
I 

A p a p e r  on t h e  r e s u l t s  t o  d a t e  h a s  b e e n  g i v e n  a t  t h e  Beaumont ,  
T e x a s ,  m e e t i n g  o f  t h e  AAPT,  March 1 6 ,  1 9 6 8 ,  ( r e f  4). The r e s u l t s  
a r e  b e i n g  i n c o r p o r a t e d  i n t o  a M.S. t h e s i s ,  b u t  p u b l i c a t i o n  i s  b e i n g  
d e f e r r e d ,  p e n d i n g  r e s u l t s  u s i n g  b e t t e r  s a m p l e s .  
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3 .  Atomic Physics. D r .  R. H. Walker, Associate Professor of Physics. 
I 

a) Spin-Dependent Atomic Collisions (B.'\W. Mayes and C, K. Chang) 

A theory of angular momentum transfer in the collision of simple 
atomic systems was formulated. This t h e o r y  was used to determine v a r i o u s  
s p i n  transition cross-section including those for spin exchange and 
hyperfine transitions. At the present time this treatment has  5een 
applied only to collisions involving identical alkali atoms. Results 
have been obtained for hydrogen, lithium, sodium, potassium, rulidium, 
and cesium. The calculations were carried out for a sufficient range 
of kinetic energies in each case to allow thermal averages and hence 
results which can be compared directly with experimental results. This 
comparison is quite good, perhaps better than one should expect. An 
exception is claimed for our results on hydrogen-hydrogen collisions. 
In this case, the possible processes are sufficiently well known, and 
the calculations were performed in such a way s o  that our result should 
be quite good, probably better in fact than the experimental results. 

The above work has resulted in one Ph.D. thesis and one M.S. the- 
sis. In addition two papers were presented at the January, 1967 meet- 
ing of the American Physical Society. Abstracts of the papers (pub- 
lished in the.Bulletin of the American Physics Society) are given 
below. 

Spin-Exchange Cross Sections in Atomic Hydrogen. B. W. Mayes, I1 
(introduced by R. H. Walker) and R. H. Walker, University of Houston. 
The formalism developed by Glassgoldl for calculating cross sections 
for collisions between alkali-like atoms in which angular momentum is 
transferred is used to calculate spin-exchange cross sections for 
atomic H in the ground state. The kinetic energies for which the treat- 
ment is valid are limited from above by the Born-Oppenheimer approxi- 
mation and from below by the assumed degeneracy of the hyperfine states. 
At large internuclear separations the Pauling-Beach2 interaction is 
used as a potential for both the S = 0 and the S = 1 states. For 
separations less than 0.8 Bohr radii, the potentials in both states 
are from a molecular orbital calculation; while at intermediate sepa- 
rations the potentials come from a variational treatment3 and from 2nd- 
order perturbation theory.4 In particular, total unpolarized scatter- 
ing cross sections and cross sections for the hyperfine transition f = 1 
f = 0 are calculated with and without consideration of the effect of 
identical particles. 

Spin-Exchange Cross Sections of'Alkali Atoms. C. K. Chang (intro- 
duced by R. H. Walker) and R. H. Walker, University of Houston. In the 
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c o l l i s i o n  o f  a l k a l i - l i k e  a t o m s ,  a n  i m p o r t a n t  f e a t u r e  o f  t h e  p r o c e s s  i s  
t h e  e x c h a n g e  o f  e l e c t r o n s  b e t w e e n  t h e  two  c o l l i d i n g  a t o m s .  To c a l c u l a t e  
n u m e r i c a l l y  s p i n - e x c h a n g e  c r o s s  sec t ions! ,  t h e  s p i n - d e p e n d e n t  i n t e r -  
a c t i o n  c h a r a c t e r i z i n g  t h e  s c a t t e r i n g  i s  r e q u i r e d .  T h i s  i n t e r a c t i o n  
f o r  two a l k a l i n e  a toms  i s  c a l c u l a t e d  by i n d i v i d u a l l y  c o n s i d e r i n g  t h e  
i n t e r a c t i o n s  d u e  t o  t h e  v a l e n c e  S e l e c t r o n s  and t o  the c10sed electrenic 
shells o f  t h e  t w u  atoms.  The va lance  S-electron i n t e r a c t i o n  is g e n e -  
r a t e d  p h e n o m e n o l o g i c a l l y  f rom t h e  known ti-ii i n t e r - a t o m i c  p o t e n t i a ?  a n d  
t h e  c l o s e d - s h e l l  i n t e r a c t i o n  f rom i n t e r a t o m i c  p o t e n t i a l s  o f  i n e r t  a t o m s  
c o r r e s p o n d i n g  t o  t h e  c o r e s .  T h e s e  p o t e n t i a l s  s o  o b t a i n e d  a r e  i n  a g r e e -  
ment w i t h  t h o s e  c o n s t r u c t e d  f rom band s p e c t r a .  S i x  d i f f e r e n t  c r o s s  
s e c t i o n s  were  c a l c u l a t e d  by  s e m i c l a s s i c a l  t e c h n i q u e s  and  by p a r t i a l  
wave a n a l y s i s  f o r  e a c h  of  t h e  s i x  a l k a l i n e  a t o m i c  s y s t e m s  H ,  L i ,  N a ,  
K ,  Rb, and  C s ,  f o r  1 2 4  d i f f e r e n t  r e l a t i v e  k i n e t i c  e n e r g i e s .  T h e s e  
c r o s s  s e c t i o n s  a r e  f i n a l l y  a v e r a g e d  t h e r m a l l y .  The r e s u l t s  o b t a i n e d  
by p a r t i a l  wave a n a l y s i s  a g r e e  r a t h e r  w e l l  w i t h  e x p e r i m e n t .  Compar i -  
s o n  o f  t h e  r e s u l t s  o f  t h e  two methods a r e  t o o  small  b y  a b o u t  1 0 %  f o r  t h e  
h e a v i e r  a t o m s  and  by  a b o u t  5 0 %  f o r  l o w - e n e r g y  H and  L i  a t o m s .  

b )  P e r t u r b a t i o n s  i n  a n  E l e c t r o n  Gas.  ( J o h n  P a u l s e l )  

The s p e c i f i c  p r o b l e m  which  has  b e e n  c o n s i d e r e d  i s  t h e  d e t e r m i n a t i o n  
o f  t h a t  c r i t i c a l  d e n s i t y  o f  a n  e l e c t r o n  g a s  f o r  wh ich  a n  u n s c r e e n e d  
p e r t u r b a t i o n  will produce a l o c a l i z e d  s t a t e  o f  zero e n e r g y ,  A solu- 
t i o n  o f  t h i s  p r o b l e m  w i l l  g i v e  i n f o r m a t i o n  a s  t o  w h e t h e r  a g i v e n  i m p u r i t y  
w i l l  p r o d u c e  t r a p p i n g  s t a t e s  i n  a g i v e n  m e t a l .  Our o r i g i n a l  a p p r o a c h  
h a s  t u r n e d  o u t  t o  b e  u n s a t i s f a c t o r y .  The s t a r t i n g  p o i n t  was t o  a s sume  
t h a t  t h e  s e l f - c o n s i s t e n t  p o t e n t i a l  r e s u l t i n g  f r o m  t h e  e l e c t r o n  g a s  
d i d  i n  f a c t  b i n d  an  e l e c t r o n .  *A hydrogen  l i k e  wave f u n c t i o n  was a s sumed  
w i t h  a v a r i a t i o n a l  p a r a m e t e r  and  t h e  s e l f - c o n s i s t e n t  p o t e n t i a l  d e t e r -  
mined  i n  t e r m s  of t h i s  p a r a m e t e r .  The t o t a l  e n e r g y  was t h e n  c a l c u l a t e d  
a n d  t h e  c o n d i t i o n  o f  minimum e n e r g y  ' o b t a i n e d .  T h i s  e n e r g y  was t h e n  
c o n s i d e r e d  as  a f u n c t i o n  o f  e l e c t r o n  d e n s i t y  w i t h  t h e  hope  o f  f i n d i n g  
t h a t  d e n s i t y  which  y i e l d s  z e r o  e n e r g y .  I t  was f o u n d  t h a t  t h e  d e p e n d e n c e  
o f  e n e r g y  upon d e n s i t y  was s u c h  t h a t  t h e  e n e r g y  v a n i s h e d  o n l y  a s y m Q t o -  
t i c a l l y  w i t h  d e c r e a s i n g  d e n s i t y .  I t  a p p e a r s  t h a t  t h e  a b o v e  scheme 
c a n n o t  b e  made s e l f - c o n s i s t e n t  o r  t h a t  t h e  p e r t u r b a t i o n  t r e a t m e n t  was 
n o t  c a r r i e d  o u t  t o  s u f f i c i e n t l y  h i g h  o r d e r .  We h a v e  t h e r e f o r e  a d o p t e d  
a d i f f e r e n t  a p p r o a c h ,  namely  t h a t  o f  p r o p a g a t o r  t h e o r y .  

C u r r e n t l y ,  we a r e  a t t e m p t i n g  t o  c o n s t r u c t  t h e  p r o p a g a t o r  f o r  t h e  
s y s t e m  i n c l u d i n g  t h e  e f f e c t s  due  t o  t h e  p e r t u r b a t i o n .  We s h a l l  a t t e m p t  
t o  f i n d  t h e  r e q u i r e d  p r o p a g a t o r  by Feynman ' s  s e l e c t i v e  summat ion  t e c h -  
n i q u e .  Once t h i s  i s  d e t e r m i n e d ,  t h e  s i n g u l a r i t i e s  o f  t h e  f u l l  p r o p a -  
g a t o r  d e t e r m i n e  t h e  e i g e n  v a l u e s  o f  t h e  t o t a l  h a m i l t o n i a n .  The 
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e x i s t e n c e  o f  a d i s c r e t e  p o l e  w i l l  t h e n  y i e l d  t h e  d e s i r e d  i n f o r m a t i o n .  
A m e a n i n g f u l  s t a r t  on t h i s  a p p r o a c h  i s  j q s t  now g e t t i n g  u n d e r  way. 
I t  i s  e x p e c t e d  t h a t  a t  l e a s t  s i x  months $ill be  r e q u i r e d  f o r  t h i s  f o r -  
m u l a t i o n  o f  t h e  p r o b l e m .  

c )  M e t a l l i c  L a t t i c e  D i s p e r s i o n  R e l a t i o n s .  ( G i l b e r t  H o p k i n s )  

A model  f o r  a m e t a l  h a s  S e e n  a d o p t e d  i n  terms of which  l a t t i c e  
d i s p e r s i o n  r e l a t i o n s  c a n  b e  o b t a i n e d  w i t h  o n l y  one  p a r a m e t e r  wh ich  
i s  u n d e t e r m i n e d .  T h i s  model  may be c o n t r a s t e d  w i t h  t h e  u s u a l  f o r c e  
c o n s t a n t  a p p r o a c h  i n  which  t h e r e  a r e  as many u n d e t e r m i n e d  c o n s t a n t s  
a s  t h e r e  a r e  a t o m s  which  i n t e r a c t  w i t h  a g i v e n  a tom.  T h i s  number i s  
q u i t e . l a r g e  i n  t h e  c a s e  of  m e t a l s  due t o  t h e  l o n g  r a n g e  s c r e e n i n g  o f  t h e  
c o n d u c t i o n  e l e c t r o n  which  a r i s e s  f r o m  t h e  e x i s t e n c e  o f  a s h a r p  F e r m i  
s u r f a c e . .  We h a v e  a p p r o a c h e d  t h e  p rob lem by t r e a t i n g  t h e  e l e c t r o n  
s c r e e n i n g  by p e r t u r b a t i o n  t h e o r y  which d i r e c t l y  t a k e s  i n t o  a c c o u n t  
t h e  l o n g  r a n g e  i n t e r a c t i o n s .  T h e  r e s u l t  i s  a s e c u l a r  e q u a t i o n  whose 
r o o t s  y i e l d  t h e  l a t t i c e  v i b r a t i o n  s p e c t r u m  and whose e i g e n  v a l u e s  
y i e l d  t h e  accompany ing  p o l a r i z a t i o n  f o r  t h a t  mode. The e l e m e n t s  o f  t h e  
s e c u l a r  d e t e r m i n a n t  a r e  e x t r e m e l y  c o m p l i c a t e d  q u a n t i t i e s  and  h a v e  
r e q u i r e d  e x t e n s i v e  n u m e r i c a l  c a l c u l a t i o n  f o r  t h e i r  e v a l u a t i o n .  The 
one  u n d e t e r m i n e d  p a r a m e t e r  i s  t h e  r a n g e  f o r  a s h o r t  r a n g e  i o n - i o n  
i n t e r a c t i o n  whose v a l u e  c o u l d  i n  p r i n c i p l e  b e  d e t e r m i n e d .  We h a v e  
c h o s e n  t o  c h o o s e  t h a t  v a l u e  which g i v e s  opt imal  agreement with the 
e x p e r i m e n t a l  i n f o r m a t i o n  a v a i l a b l e .  

E x t e n s i v e  c a l c u l a t i o n s  h a v e  been  c a r r i e d  o u t  f o r  t h e  m e t a l s  A 1  
and  Pb w i t h  t h e  r e s u l t  t h a t  o u r  d i s p e r s i o n  c u r v e s  a g r e e  v e r y  w e l l  w i t h  
t h e  r e s u l t s  of  n e u t r o n  s c a t t e r i n g  e x p e r i m e n t s  o v e r  t h e  whole  B r i l l u o i n  
z o n e ,  i n  many c a s e s  t o  w i t h i n  e x p e r i m e n t a l  u n c e r t a i n t y .  We a r e  i n  t h e  
p r o c e s s  o f  a p p l y i n g  t h e  t h e o r y  t o  t h e  a l k a l i  m e t a l s  and  t o  c o p p e r .  

Our c a l c u l a t i o n s  t o  d a t e  a r e  s u c h  t h a t  t h e  b e s t  a g r e e m e n t  i s  o b t a i n e d  
a t  l o w  f r e q u e n c i e s  and  p o o r e r  a g r e e m e n t  a t  h i g h  f r e q u e n c i e s ,  p a r t i -  
c u l a r l y  f o r  t h e  t r a n s v e r s e  modes .  The  model  i s  s u c h  t h a t  t h i s  s h o u l d  
b e  s o  a n d  c a n  be  c o r r e c t e d  by t h e  i n c l u s i o n  o f  m a g n e t i c  e f f e c t s  wh ich  
become a p p r e c i a b l e  a t  h i g h e r  f r e q u e n c i e s .  The n e c e s s a r y  m o d i f i c a t i o n  
o f  t h e  t h e o r y  t o  i n c l u d e  t h e s e  e f f e c t s  a r e  b e i n g  f o r m u l a t e d  a n d  w i l l  
s h o r t l y  b e  a p p l i e d  t o  t h e  m e t a l s  i n d i c a t e d  a b o v e .  

Once d i s p e r s i o n  c u r v e s  a r e  o b t a i n e d ,  many m a c r o s c o p i c  p a r a m e t e r s  
c a n  b e  c a l c u l a t e d .  T h e s e  i n c l u d e  t h e  s p e e d  o f  a c o u s t i c  waves i n  v a r i -  
o u s  d i r e c t i o n s ,  t h e  m a c r o s c o p i c  e l a s t i c  c o n s t a n t s ,  and  v a r i o u s  t h e r m a l  
p r o p e r t i e s .  The f o r m e r  of t h e s e  w i l l  b e  e v a l u a t e d  p r e s e n t l y  and com- 
p a r e d  w i t h  e x p e r i m e n t .  C r u c i a l  t o  t h e  d e t e r m i n a t i ' o n  o f  t h e r m a l  
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p r o p e r t i e s  i s  t h e  phonon d e n s i t y  o f  s t a t e s  which  c a n  b e  f o u n d  f rom 
t h e  c a l c u l a t e d  d i s p e r s i o n  c u r v e s .  The e v a l u a t i o n  o f  t h e  d e n s i t y  o f  
s t a t e s  o f f e r s  p e r h a p s  t h e  most  s e n s i t i v e  t e s t  o f  t h e  t h e o r y  s i n c e  
t h e  d e n s i t y  o f  s t a t e s  d e p e n d s  n o t  o n l y  upon t h e  v a l u e s  o f  t h e  f r e q u e n -  
c i e s  a t  v a r i o u s  w a v e l e n g t h s  b u t  a l s o  upo.? t h e  s l o p e  o f  t h e  d i s p e r s i o n  
c u r v e .  I n c o h e r e n t  n e u t r o n  s c a t t e r i n g  e x p e r i m e n t s  y i e l d  l a r g e  p e a k s  

' i n  t h e  phonon d e n s i t y  o f  s t a t e s  f o r  c e r t a i n  f r e q u e n c i e s .  The pos i ' -  
t i o n s  o f  t h e s e  p e a k s  c a l c u l a t e d  f r o m  o u r  r e s u l t s  w i l l  b e  a c r u c i a l  
t e s t  o f  t h e  model  we h a v e  a s sumed .  

The work d i s c u s s e d  h e r e  w i l l  r e s u l t  i n  one  M.S.  t h e s i s  e x p e c t e d  
t o  b e  c o m p l e t e d  by  t h e  end o f  t h i s  summer and  a t  l e a s t  o n e  p u b l i s h -  
a b l e  p a p e r .  

d )  Lpw T e m p e r a t u r e  The rma l  P r o p e r t i e s  o f  R o t a t i n g  C r y s t a l s .  (Kan Fong) 

I n s p e c t i o n  shows t h a t  t h e  r e s p e c t i v e  h a m i l t o n i a n s  f o r  a l a t t i c e  
o f  c h a r g e s  i n  a weak e x t e r n a l  m a g n e t i c  f i e l d  and  a l a t t i c e  o f  mass  

t i o n a l  a n a l o g u e  o f  m a g n e t i c  e f f e c t s  a t  low t e m p e r a t u r e  s u c h  a s  a d i a -  
b a t i c  d e m a g n e t i z a t i o n ,  T h a t  s u c h  e f f e c t s  s h o u l d  e x i s t  a t  low t e m p e r a -  
t u r e s  i s  o b v i o u s  s i n c e  a l i t t l e  r e f l e c t i o n  shows t h a t  t h o s e  modes o f  
f r e q u e n c i e s  l e s s  t h a n  t h e  r o t a t i o n a l  f r e q u e n c y  a r e  e f f e c t i v e l y  f r o z e n  
o u t  and  h e n c e  do n o t  c o n t r i b u t e  t o  t h e  s p e c i f i c  h e a t .  Compet ing  e f f e c t s  
o f  t h e  same o r d e r  of m a g n i t u d e  makes an  e s t i m a t e  o f  t h e  c h a n g e  i n  
s p e c i f i c  h e a t  d i f f i c u l t ,  One c a n  show, however ,  t h a t  t h e  fo rm o f  t h e  
t e m p e r a t u r e  d e p e n d e n c e  i s  

I p o i n t s  u n d e r  r o t a t i o n  a r e  f o r m a l l y  i d e n t i c a l .  T h i s  s u g g e s t s  a r o t a -  , 

where  F ( T )  = 1 i n  t h e  a b s e n c e  o f  r o t a t i o n .  The p r o b l e m  u n d e r  s t u d y  
by u s  i s  t h e  n u m e r i c a l  c a l c u l a t i o n  o f  t h i s  f u n c t i o n .  I t s  d e p a r t u r e  
f r o m  u n i t y  i s  a m e a s u r e  of t h e  m a g n i t u d e  o f  t h e r m a l  e f f e c t s  a r i s i n g  
f rom r o t a t i o n .  

S i n c e  o n l y  t h e  low t e m p e r a t u r e  r e g i o n  i s  o f  i n t e r e s t ,  t h e  con-  
t i n u u m - l o n g  wave l e n g t h  a p p r o x i m a t i o n  i s  a p p r o p r i a t e .  The c r y s t a l  
u n d e r  i n v e s t i g a t i o n  i s  t h e n  c h a r a c t e r i z e d  by t h e  m a c r o s c o p i c  e l a s t i c  
c o n s t a n t s  C The s e c u l a r  e q u a t i o n  a p p r o p r i a t e  f o r  a r o t a t i n g  c r y s t a l  
i s  o b t a i n e d  2 r o m  which  t h e  v i b r a t i o n a l  s p e c t r u m  i s  d e t e r m i n e d .  The 
r e q u i r e d  t h e r m a l  p a r a m e t e r s  i n v o l v e  sums o v e r  l a t t i c e  modes which  c a n  
b e  a p p r o x i m a t e d  by i n t e g r a l s  i n  t h e  s t a n d a r d  way. The c r y s t a l s  c u r -  
r e n t l y  u n d e r  i n v e s t i g a t i o n  a r e  o f  c u b i c  symmetry which  i s  d i s t o r t e d  
t o  t e t r a g o n a l  by t h e  r o t a t i o n .  T h i s  symmetry i s  r e f l e c t e d  i n  t h e  
v i b r a t i o n a l  s p e c t r a  wh ich  a l l o w s  e x p a n s i o n  i n t o  t e t r a g o n a l  h a r m o n i c s  
a n d  t h e  r e d u c t i o n  of t h e  r e q u i r e d  i n t e g r a l s  i n v o l v e d  t o  a m a n a g e a b l e  
number .  

i"  

. '  
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C a l c u l a t i o n s  h a v e  b e e n  c a r r i e d  o u t  on  a number o f  c r y s t a l s .  
T y p i c a l  r e s u l t s  a r e  i n d i c a t e d  b e l o w  w h i c h  show t h e  d e p e n d e n c e  o f  t h e  
s p e c i f i c  h e a t  o f  Ag upon t e m p e r a t u r e  f 0 r . a  f i x e d  r o t a t i o n a l  a n g u l a r  , , v e l o c i t y  . 

1 1 . 0  

9 . 4  

7.8 

6.2 

4.6 

3 . 0  

1 . 4  & 1 # 

0 0 . 5  1 . 0  
T e m p e r a t u r e  i n  1 0  - 4 O K  

The b r o k e n  c u r v e  g i v e s  C / T 3  f o r  fi = 2 ~ x 1 0  6 / s e c ,  w h i l e  t h e  s o l i d  c u r v e  
g i v e s  Cv /T3  f o r  no  r o t a t i o n .  V 

The r e s u l t s  show t h a t  a s u f f i c i e n t l y  low t e m p e r a t u r e s ,  t h e  s p e c i -  
f i c  h e a t  i n c r e a s e s  w i t h  r o t a t i o n .  I n d e e d  t h e  r o t a t i o n a l  a n a l o g u e  o f  
a d i a b a t i c  d e m a g n e t i z a t i o n  e x i s t s .  A t  s u f f i c i e n t l y  low t e m p e r a t u r e s ,  
i f  a c r y s t a l  i s  s e t  i n t o  r o t a t i o n  b y  n o n - d i s s i p a t i v e  f o r c e s ,  i t s  tem- 
p e r a t u r e  w i l l  d e c r e a s e .  The m a g n i t u d e  o f  t h e  r o t a t i o n  v e l o c i t y  r e q u i r e d  
t o  p r o d u c e  c h a n g e s  i n  h e a t  c a p a c i t y  a t  a t t a i n a b l e  t e m p e r a t u r e s  seems 
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I t o  make p r a c t i c a l  a p p l i c a t i o n  o f  t h i s  phenomenon d o u b t f u l .  

As p a r t  o f  t h e  c a l c u l a t i o n s  r e q u i r e d  f o r  t h e  s p e c i f i c  h e a t ,  t h e  
e f f e c t i v e  Deby t e m p e r a t u r e s  f o r  v a r i o u s  m e t a l s  h a v e  b e e n  o b t a i n e d .  
The a g r e e m e n t  w i t h  e x p e r i m e n t a 1 , v a l u e s  i s  q u i t e  good which  i s  a n  a f f i r -  
m a t i v e  c h e c k  on t h e  n u m e r i c a l  p r o c e d u r e s * \ u s e d .  The work c a r r i e d  o u t  
on  t h i s  p r o j e c t  w i l l  r e s u l t  i n  one  M . S .  t h e s i s  wh ich  w i l l  b e  c o m p l e t e d  
by  t h e  end  o f  t h i s  summer. 
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4. Cometary  P h y s i c s ,  N .  S .  Kovar ,  A s s i s t a n t  P r o f e s s o r  o f  P h y s i c s .  

a )  O p t i c a l  Pumping and  t h e  D L ine  R a t i o  of  Comet 1962 111. 
N .  S .  Kovar and  R .  P .  Kovar .  

S p e c t r a l  o b s e r v a t i o n s  o f  Comet 1.962 I11 made p r i o r  t o  
p e r i h e l i o n  p a s s a g e  r e v e a l e d  a sodium D l i n e  r a t i o  o f  2 . 5 .  Due 
t o  t h e  i n a d e q u a c y  o f  no rma l  a t o m i c  p r o c e s s e s  i n  e x p l a i n i n g  t h i s  
r a t i o ,  a n  o p t i c a l  pumping p r o c e s s  i s  c o n s i d e r e d .  I t  i s  f o u n d  t h a t  

a toms  w i t h i n  t h e  coma were  u n d e r  t h e  i n f l u e n c e  o f  a m a g n e t i c  f i e i d  
a n d  i f  t h e y  w e r e - e x c i t e d  by c i r c u l a r l y  p o l a r i z e d  r a d i a t i o n  f rom t h e  
s u n .  

A copy  o f  t h i s  p a p e r  a p p e a r s  i n  t h e  p r e c e e d i n g  s e m i - a n n u a l  p r o g r e s s  
r e p o r t  f o r  t h i s  g r a n t .  

S " C  -,h a mechanism c a n  p r o d u c e  t h e  o b s e r v e d  D l i n e  r a t i o  i f  t h e  sod ium 

T h i s  p a p e r  h a s  a p p e a r e d  i n  t h e  A p r i l  1968  i s s u e  o f  S o l a r  P h y s i c s  

b )  Cometa ry  P lasmas  a n d  t h e  S o l a r  Wind, M .  E .  S h e l b y .  

The i n t e r a c t i o n  b e t w e e n  a comet a n d  t h e  s o l a r  wind  h a s  b e e n  
t r e a t e d  e x t e n s i v e l y  i n  t h e  l i t e r a t u r e .  S o l u t i o n  o f  t h e  general 
f l o w  p r o b l e m ,  for e x a m p l e ,  h a s  been  c o n s i d e r e d  by I o f f e  ( 1 9 6 6 ) ,  
Kovar a n d  Kern ( 1 9 6 6 ) ,  a n d  Biermann,  B r o s o w s k i ,  a n d  Schmid t  (1967)  
among o t h e r s .  The g e n e r a l  a p p r o a c h  i n  t h e s e  t r e a t m e n t s  h a s  b e e n  
t h a t  o f  g a s  d y n a m i c s .  Both  a shock  f r o n t  (on t h e  sunward  s i d e  o f  
t h e  c o m e t )  and  a c o n t a c t  d i s c o n t i n u i t y  a r e  t h o u g h t  t o  form. 

I n  t h e  p r e s e n t  t r e a t m e n t ,  f o r  t h e  r e g i o n  i n t e r i o r  t o  t h e  
c o n t a c t  d i s c o n t i n u i t y ,  a n  a l t e r n a t e  a p p r o a c h  i s  t a k e n .  Namely, 
t h e  a s s u m p t i o n  i s  made t h a t  t h e  i o n s  moving away f rom t h e  c o m e t ' s  
n u c l e u s  a r e  n o n - i n t e r a c t i n g  and  t h a t  t h e s e  i o n s  a r e  s p e c u l a r l y  
r e f l e c t e d  back  i n t o  t h e  r e g i o n  bounded by  t h e  c o n t a c t  d i s c o n t i n u i t y  
by  t h e  s o l a r  w i n d ' s  f r o z e n - i n  m a g n e t i c  f i e l d .  A model  i s  d e v e l o p e d  
wh ich  p r e d i c t s  t h e  s i z e  and  s h a p e  o f . t h e  c o n t a c t  d i s c o n t i n u i t y  a n d  
t h e  d e n s i t y  of  p l a s m a  i n t e r i o r  t o  i t .  R e s u l t s  o f  t h i s  model  a g r e e  
w e l l  w i t h  o b s e r v a t i o n a l  d a t a .  

T h i s  r e s e a r c h  i s  i n c o r p o r a t e d  i n  a M.S. t h e s i s  t o  b e  p u b l i s h e d  
i n  J u n e  1968  a n d  i s  b e i n g  p r e p a r e d  f o r  p u b l i c a t i o n  i n  a j o u r n a l .  

C )  A t m o s p h e r i c  R e f r a c t i o n  and  t h e  G e g e n s c h e i n ,  H .  S c h m i d t .  

C a l c u l a t i o n s  o f  t h e  e f f e c t s  o f  t h e  r e f r a c t i o n  o f  s u n l i g h t  
t h r o u g h  t h e  e a r t h ' s  a t m o s p h e r e  on t h e  i n t e n s i t y  o f  l i g h t  b a c k s c a t t e r e d  
from i n t e r p l a n e t a r y  d u s t  i n  t h e  a n t i s o l a r  d i r e c t i o n  h a v e  b e e n  
p e r f o r m e d .  I t  i s  f o u n d  t h a t  t h e  r e f r a c t i o n  e n h a n c e s  t h e  i n t e n s i t y  
o f  b a c k s c a t t e r e d  l i g h t  by  t h r e e  p e r c e n t  i n  t h e  a n t i s o l a r  d i r e c t i o n .  
The t r e a t m e n t  i n v o l v e s  programming o f  t h e  r e f r a c t i o n  t h r o u g h  a 
s t a n d a r d  a t m o s p h e r e  and  Mie s c a t t e r i n g  o f  t h e  t o t a l  r e f r a c t e d  a n d  
i n c i d e n t  l i g h t  i n t e n s i t y  t h r o u g h  a r b i z r a r y  angles. A unifnrm s p a t i a l  
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distribution of interplanetary dust particles is assumed, with size 
to wavelength ratios that satisfy a power law distribution function. 
No account is taken of possible mechanisms f o r  concentrating dust 
in the region antisolar to the earth. The contribution o f  refracted 
light found is small, but may be susceptible to experimental measure- 
ment. It cannot explain existing discrepancies between theory and 
measurement. This work is incorporated in a M.S. thesis to be 
published in June 1968, and is being e+xamined for publishable content. 

\ 
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5 .  S p a c e  R e l a t e d  Flow P r o b l e m s ,  Dr. R .  M .  Kiehn a n d  Dr. J .  W .  Ke rn ,  
A s s o c i a t e  P r o f e s s o r s  o f  P h y s i c s .  

a)  Applieatians of D i f f e r e n t i a l  F o r m s .  J. P i e r c e  a n d  R .  M .  K iehn .  

Most o f  t h e  e a r l y  work i n  t h e  t h e o k y  o f  d i f f e r e n t i a l  f o r m s  a p p e a r s  
i n  t h e  F r e n c h  l i t e r a t u r e ,  and  i n  many works  ( i n  F r e n c h )  o f  E l i e  Car- 
t a n .  A p p l i c a t i o n s  o f  t h e  t h e o r y  t o  p r o b l e m s  i n  f l u i d  f l o w  a n d  p r o -  
b l ems  i n  c o n t i n u o u s  m e d i a  a r e  v e r y  s p a r s e ,  e s p e c i a l l y  i n  E n g l i s h .  
Cartan's works  n o t  only c o n t a i n  t h e  o r i g i n a l  ideas o f  tho t h e o r y ,  b u t  
t h e y  a l s o  c o n t a i n  s c a t t e r e d  a p p l i c a t i o n s  t o  p h y s i c a i  p rob ie i i i s .  

A f i r s t  t r a n s l a t i o n  o f  C a r t a n ' s  " L e c t u r e s  on I n t e g r a l  I n v a r i -  
a n t s "  h a s  b e e n  c o m p l e t e d  d u r i n g  t h i s  r e p o r t i n g  p e r i o d .  The t r a n s l a -  
t i o n  o f  " E x t e r i o r  D i f f e r e n t i a l  S y s t e m s  and  T h e i r  G e o m e t r i c  A p p l i c a -  
t i o n s "  i s  i n  p r o g r e s s .  T h e s e  works h a v e  b e e n  p r e p a r e d  f o r  p u b l i c a -  
t i o n ,  t h e  f i r s t  t r a n s l a t i o n  b e i n g  c u r r e n t l y  u n d e r  r e v i e w  by  Academic 
P r e s s .  

t 

( J .  P i e r c e ,  R .  B o r o c h o f f ,  R .  M .  K iehn)  A w e e k l y  s e m i n a r  i n  " A p p l i -  
c a t i o n s  o f  D i f f e r e n t i a l  Forms" was s t a r t e d  i n  t h e  f a l l  s e m e s t e r  o f  
1967  a t  t h e  U n i v e r s i t y  o f  H o u s t o n .  T o p i c s  o f  d i s c u s s i o n  i n c l u d e  
H a m i l t o n i a n  s y s t e m s  and  t r a j e c t o r y  m e c h a n i c s .  One o f  t h e  o b j e c t i v e s  
o f  t h i s  s e m i n a r  i s  t o  e x t e n d  t h e  knowledge o f  s o l u t i o n  t r a j e c t o r i e s  
on n o n - s i m p l y  c o n n e c t e d  m a n i f o l d s .  

The a p p l i c a t i o n  o f  t h e s e  me thods  t o  p r o b l e m s  i n  t r a j e c t o r y  m e c h a n i c s ,  
f l u i d  d y n a m i c s ,  a n d  e l e c t r o d y n a m i c s  w i l l  fo rm t h e  f i r s t  p o r t i o n  o f  t h e  
Ph.D. t h e s i s  o f  J .  P i e r c e .  

A s e c o n d  ou tcome  o f  t h e  s e m i n a r s  h a s  b e e n  t h e  d e v e l o p m e n t  o f  t h e  
i d e a  t h a t  g r a v i t a t i o n ,  o r  a c c e l e r a t i o n  f i e l d s ,  may i n f l u e n c e  t h e  
p o l a r i z a t i o n  o f  e l e c t r o m a g n e t i c  s i g n a l s .  A m o d i f i c a t i o n  o f  t h e  Sag-  
n a c  e x p e r i m e n t ,  u s i n g  a r i n g - l a s e r ,  i s  b e i n g  s t u d i e d  i n  o r d e r  t o  
d e t e r m i n e  t h e  p r a c t i c a l i t y  o f  m e a s u r i n g  t h e  e f f e c t  o f  a c c e l e r a t i o n s  
on  t h e  p o l a r i z a t i o n  of  l i g h t  by  t e r r e s t r i a l  t e c h n i q u e s .  R .  B o r o c h o f f  

(R. M .  Kiehn)  A s i g n i f i c a n t  d e v e l o p m e n t  d u r i n g  t h i s  r e p o r t i n g  
p e r i o d ,  a l t h o u g h  s t i m u l a t e d  by r e s e a r c h  i n  t h e  f i e l d  o f  v o r t e x  f l o w ,  
i s  t h e  f i e l d  o f  e l e c t r o d y n a m i c s .  The a c h i e v e m e n t s  a r e  a r e s u l t  o f  
w o r k  i n i t i a t e d  d u r i n g  t h e  p r e v i o u s  g r a n t  p e r i o d  (NASA g r a n t  4 4 - 0 0 5 - 0 2 2 ) .  

The  t h e o r y  of  d i f f e r e n t i a l  f o r m s  may b e  u s e d  t o  e x p r e s s  h i a x w e l l ' s  
E q u a t i o n s 1  as 

T h e r e  e x i s t s  a o n e  f o r m ,  a .  (1) 

T h e  d e r i v e d  two fo rm F = d a ,  i s  h a r m o n i c  ( 2 )  
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The importance of such equations does not reside solely with the fact 
that they are equivalent to the Maxwell's relations in a four-para- 
meter frame; more importantly, they are form statements and if true 
in one frame, they are true in any other frame of reference linked 
to the first by means of a smooth, though not necessarily invertible 
map. i\ 

I 

Such a notion extends the Einstein idea that the laws of nature 
should be true in any reference system, whether r e l a t e d  to inertial 
frames b y  means o f  a tensor, i n v e r t i b l e ,  transformation, or not. 

Equations ( 3 )  and (4) imply that, counter to many implications 
in the literature, Maxwell's equations are naturally covariant in any 
frame of reference, whether induced by a Lorentz transformation, or 
a Galikean transformation. A paper demonstrating the explicit co- 
variance of blaxwell's equations with respect to both Galilean or 
Lorentz transformations is in preparation, Such a result raises the 
question as to why the Lorentz transformations are of such fundamental 
importance in physics. The credence given to the physical validity 
of the Lorentz transformation, which is often based upon the covari- 
ance of Maxwell's equations with respect to Lorentz transformations, 
must be re-examined. 

The answer to this question can be obtained by studying the 
characteristics of Maxwell's equations. By the use of the theory of 
forms, the characteristics, @, of Maxwell's equations can be  c a s t  i n t o  
the f o r m :  

@,,F = 0 ( 3 )  

@,*F = 0 (4 1 
As these are form statements they are again naturally covariant in 
any frame of reference. However, the equations for the characteris- 
tics may be written in the form 

Such an equation is invariant for only the Lorentz transformation. 
Evidently when we make a physical measurement by means of electro- 
magnetic signals, we detect the characteristic surfaces of Maxwell's 
equations. The characteristic surfaces are the only surfaces upon 
which the field quantities or their derivatives may be discontinuous. 
The equations of the characteristics, being sums of squares with 
constant coefficients, (assuming that the RHS of (5) vanishes) are 
invariant only with respect to Lorentz transformations. 

"NGR 44-005-022 



(2' . . . .  

b) Computer Techniques. J. Shores and J. Pels, and R. M. Kiehn. 

The machine code for the piecewise potential theory* has been 
modified to accept periodic and ring boundary conditions. Test pro- 
blems for 3-fold and 6-fold ring symmetry systems have been attempted. 
The algebraic formulation of non-analyt2c boundary conditions is under 
investigation. It has been established that the criteria, continuity 
of slope and continuity of value, preserve quantum mechanical pro- 
bability and probability current. On the other hand, continuity of 
current and probability d o  nor require c o n t i n u i t y  o f  state function 
slope and value. Therefore, there exists the possibility that dis- 
continuous non-analytic solutions to the Schroedinger equation may 
exist, and may have physical significance. This work is the basis 
of the M.S. thesis of J .  Shores. 

' Analysis of scattering problems indicate that non-analytic s o l u -  
tions may be connected to the notion of complex quantum mechanical 
potentLals. The inclusion of complex potentials has led to investi- 
gation of 'tNormal" operators in Quantum Theory, which permit the formu- 
lation o f  complex, not necessarily, hermitean interactions. The modi- 
fications o f  quantum theory required to admit Normal rather than Uni- 
tary operators forms the basis of the M.S. thesis of J. Pels. The 
study of the solutions to the Schroedinger central field problem which 
are not analytic (but which are bounded and quadratically integrable) 
forms the basis o f  the M.S. thesis o f  R. Arlen. 

C) Non-Linear Source Terms in Electrodynamics. J. Shores and R. M. 
Kiehn 

The methods of continuous analytic continuation2 have been formu- 
lated into a computer program to solve the non-linear, second order, 
differential equation o f  the form:  

V 2 $  = a + b$ + c+z + da3. (1) 

Such an equation is of interest from an academic point of view as the 
generator of elliptic functions, and also from the theoretical physics 
point of view, as the descriptive equation for self-consistent charge 
distributions. In particular, the equation 

V 2 $  = $ - 413 ( 2 )  

under certain circumstances can be interpreted, in terms of Maxwell's 
equations and an equation 2f state, as an equation representing an 
elementary charged object. 

The most significant result of studying such equations by means 

* N G R  4 4 - 0 0 5 - 0 2 2  
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o f  machine techniques is the fact that the solutions to this non- 
linear equation appear to contain a discrete set, which are bounded 
in an integral sense. The asymptotic solutions to equation ( 2 )  are 
the values 5 1, and 0. Machine studies indicate that the solutions 
asymptotic to zero seem to form a discrete set. Those discrete, 
bounded, solutions which are symmetric 'about the origin are charac- 
terized by a sequence o f  different amplitudes at the origin; they 
form a sequence of solutions with increasing numbers of nodal points 
which is strongly suggestive of some eigen quality for this non-linear 
differential equation. The first seven discrete modes have been 
found by exploratory numerical analysis. 

The detection of such discrete solutions was aided by the incor- 
poration of a S C - 4 0 2 0  plot routine into the continuous analytic con- 
tinuation code. The code package was made available to the NASA- 
M S C . '  A summary report is being prepared for publication by J. Shores. 

d) Solar-Wind Termination and the Interstellar Medium, 3 .  W. Kern 
and C. L. Semar. 

The formulation of a gas dynamic flow with a distributed mass 
source was examined. The equation of motion of the medium was con- 
structed, and the correct energy conservation equation for the flow 
was obtained. It is found that for nearly all situations o f  physical 
interest (flow of the solar wind inthe vicinity of a comet, flow 
o f  the solar wind into the interstellar medium, general hydromagnetic 
flows in the presence of stationary neutrals, etc.), the kinetic 
energy density of the flow has an additional source term. That is, 
the usual relation between pressure and the flow volume element no 
longer applies. This means that the solutions obtained previously 
by many workers to problems of this kind are invalid. The results 
are being applied to the problem of the termination of the solar wind 
in the interstellar medium, and to the problem of the flow of solar 
wind past a comet nucleus. A portion of this work was supported under 
the MSC Solar Physics Grant 4 4 - 0 0 5 - 0 4 1 .  A paper reporting on the 
work on the solar wind termination problem was given at the 1968 
National Meeting of the American Geophysical Union, April 8 - 1 2 ,  Wash- 
ington D.C., is being incorporated in a M.S. thesis, and prepared for 
publication in the Journal - of Geophysical Research. 
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i Pressure Measurements in Subcritical Pure Superfluid Helium Flow 

I I E N n Y  E. COnlCi9 AND ALVIN Pa IIILDIIiDRANDT 

Dcparlrncni of Physics, Universiiy UJ iIol~.slo~*, Ilowlon, Texas 
(Received 25 September 1967) 

The inensureineiit of presswe iii He XI with flowing superfluid superimposed in a stationary normal 
fluid \vas undcrtnkcn to demonstrate ideal fluid character of the superfluid below critical velocities. 
Quantitative agreement with Euler's equation with zero curl is shown with slip-flow boundary condi- 

, tions. Thus, Brrnoulli's equation holds for potential flow and superfluid accelerations occur without 
dhipntion. The niethod of pressure measurement demonstrates that net forces on an object in non- 
uniform potential flow can be meneured. 

I. UXTRODUCTXON 

Pellfim and Haiisonl studied the torques on a 
Rnyleigh disc in a He XI second sound field. The 
results indicated that both the superfluid and normal 
fluid simultaneously produced torques on the disc 
via tlie average Bciiioulli pressure. The alternative 
nature of tlie flo\v, the interplay of the two fluids, and 
the probable critical-peak velocities about the disc 
are features avoided in the work rcportcd hcrc. Craig 
and Pcllani's2 studies of lift on airfoil surfaces denion- 
strated that pure supcrfluid flow is potential in 
nature, and that any object in uniform subcritical 
superfluid flow will experience no net forces. Pres- 
sure measuring techniques utilizing the Venturi tube 
or Pitot tube are uscless for potential flow, as seen 
for esaniple in Ref. 3. This failure has recently been 
elucidated by ;\Ieservey,' who considered the poten- 
tial solution for the velocity in the Venturi tube. 
Honever, pressure gradients about an object in 
nonunifonii potential flow \vithout circul a t' ion can 
produce r.e; ivr~es ,  and this fact was utilized here to  
niexhure pre~sures in supcrfluid helium for steady- 
ntate and constant-acceleration conditions. 

The ideal-fluid character of superfluid has been 
espounded by ninny authors; recently Andersonb 

J. R. Pellam and 11'. 13. Ilanson, Phys. Rev. 85, 216 

P. P. Craig and J .  R. Pellam, Phys. Rev. 108, 1109 (1957). 
1:. Bowers and K. AIendclssohn, Proc. ROY. SOC. A213, 

( 19.72 J ,  

156 (19.52). 
' 1:. LIaCrvcy, Phys. k'liiids 8, i2GC (iOG5). 
' 1'. ll'. Anderson, Rev. Mod. Phy. 38, 298 (1DGG). 

utilized a quantum mechanical approach to also 
reach this conclusion. Through the concept of a 
superfluid order parameter, he has pointed out tha t  
the time rate of change of the phase factor 4 of 
the order parameter is proportional to the chemical 
potential p:  

With C#I as a thcrmodynamic variable, in the steady 
state the chemical potential must be constant every- 
where as in Bernoulli's equation for potential flow. 
The result of taking the gradient of (1) and making 
the identification tiVC#I = mu., according to Ander- 
son, has two interpretations. One is related to phase 
slippage by quantized vortex motion, which is not 
under consideration here. The other, since the result 
leads to Euler's equation, is frictionless acceleration. 
Tlic supposition is that  a chemical potential dif- 
fercnce between elements of the superfluid will 
produce continuous acceleration without frictional 
damping. * 

XI. APPARATUS 

Nonuniform flow was produced by pumping super- 
Auid via the fountain effect, radially inward between 
two flat circular pyrex plates, - with opposing sur- 
faces flat to within lo-' cni (Fig. 1). The thermo- 
mechanical pump assenibly utilized a closely packed 
jewlcrs-rouge semipermeable barrier A to  prevent 
nornial fluid iiow. To e h i ~ ~ a t e  theiii;a! cznducticn 
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FIG. 1. (n)  Perspective view of the trifilar pendulum plate 

sipport, configurat inn. The pendulum ha? an effective length 
of 6.7 cni and a n i a s  of 5.4 g. (b) Schematic of the thermo- 
mechanical pump nnd pendulum-plate capacitor with coax 
probe connections. The inner and outer radii of the annulnr 
plate D nre 0.79 and 1.85 cm, respectively. 

along the barrier i t  was made 3 cm long and encased 
in a t hin-walled copper cylinder. Thus, extraneous 
normal and superfluid currents between the plates 
\wre inconsequential. Direct current, in the heater B 
caused the helium level to rise in the vacuum 
jacketed milliliter graduate C. From the rate of rise 
the vo!unie flow rate was determined. 

Circular plate E was supported as a trifilar pendu- 
lum with three hinged 0.001-in. wires, and aligned 
to maintain parallel orientation with respect to the 
annular plate D. The opposing surfaces of the plates 
n-ere coated with conductive material and electric- 
ally connected as a capacitor, via coax probe F, to 
an L C  tuned Franklin oscillator. The frequency 
of the oscillator was detected with a digital fre- 
quency counter, and the significant digits were re- 
corded in analog form with a y-t plotter. Thus, 
displacements of the pendulum due to pressure gradi- 
ents nere recorded as frequency changes. Pendulum 
plate separations from 0.00G-0.02 cm were selected 
by external tilting of the experiment in a plane per- 
pendicular to the annular plate surface and deter- 
niincd by the i)scilIator frcquency. Due to the pendu- 
!urn :,u~;e~zI==, (2) i" Fig I ,  t,ilting the experiment 
in a plane parallel to the annular plate surface caused 

a slight rotation of the pendulum plat about tk 
vertical. With a set plate separation this rotation 
altcred the capacitance about a minimum. Hence, 
horizontal parallel-plate alignment was obtained by 
minimizing tho cspcrcitnncc which WILH observed by 
a frequency maximum. Vertical parallel alignment 
of the plates was adjusted during assembly. 

Frequcncyrcapacitance calibration was performed 
over a frequency range of 7-15 hIHz. With fixed 
capacitance the oscillator stability w ~ q  better than 
onc part in 10' for periods of 3-4 min. This stability 
dong with the inherent dnmping of thc pendulum 
in €IC TI, while closely juxtaposed to the annular 
plate, made it possible to measure millidyne forces 
to an accuracy of better than 10%. Calibration of 
the forces to displace the pendulum was performed 
by applying known voltages through a high im- 
pedance to the pendulum plate capacitor while re- 
cording the frequency change. From each value of 
voltage and corresponding capacitance the displace- 
ment force was calculated and related to the change 
in frequency. Forces required to displace the pendu- 
lum were also calculated from the known length 
and mass of. the pendulum but ignoring the spring 
constant of the coax probe connecting wire. These 
estimates resulted in values roughly lS% lower than 
those by the calibration technique. 

111. CALCULATIONS 

In the annular region between the plates the 
flowing superfluid superimposed in the stationary 
normal fluid was considered incompressible, there- 
fore V.V. = 0. With the condition of potential 
flow (curl v, = 0), Euler's equation was used to 
describe the motion of the superfluid, where the 
density was that of the superfluid component 

(2) 
av. - VP = 4p.vv: 4- p. -' at  

The velocity profile was found as a solution of 
Lnplace's equation, with the boundary condition 
that V@ or v, was everywhere tangential to the 
surface. v, *outside the narrow annular region \vas 
negligible and set equal to zero; and since the edges 
of the plates were rounded with a radius of curvature 
greater than or equal to that of the channel width 
the velocity was considered uniform near the plate 
edges. These criteria have been demonstrated earlier 
by Hildebrandt et a2.O in an aidogous potential 
problem dealing with magnetic fields in supercon- 
ducting shells. The superfluid velocity profile WM 

6 A. F. IIildebrandt,, ,II. Wahlquint, nntl I). D. Ellemtan, 
J. Appl. PhyR. 33, 17U8 ( 1 i G j .  

FIG. : 
~ frequenc 

plate u 
accelera, 
maintau 
constant 
flow 0.1 

thus c( 
nular I 

the rad 

where. 
capacit 
in the 
p re sm 
by  intt 

p = -  
' .. 

I' is t: 
r2 is t 
first :e 
third t 

sary f c  
critical 
a M d a  
be E= 
pendul 
the prr 

a M U h  

The ~LI 

the ac( 
annula 



** ' . .  
467 P R E S S U R E  I N '  S U P E R F L U I D  FLOW 

>".ID 
4 9  

rlML i8.r) 

FIG. 2. Esnnip!e of tlie y-l plotter record shqwing the 
frequency dccrence due to the displacement of the pendulum 
plate as the result of supcrfluid flow. At 6 sec constant 
nccc:ernted Bow w,w started, nfter 17 sec steady flow wm 
ni:iiiitnint.d, until at 23 sec the flow was decelerated at D 
constant rare. The breaks in  the trace indicate the time to 
tiow 0.1 of D nil of superfluid. 

thus considered Ant across the channel in the an- 
nular region. The  resulting velocity is a function of 

I the radial distance r: I 

(3) 

where D is the plate separation determined from the 
capacitance, 'and 3 tlie measured-volume flow rate 
in the milliliter graduate. The expected change in 
pressure on the pendulum plate was then evaluated 
by integrating Euler's equation over r: I 

1' is the rate of change of volume flow rate, and 
ra is the outer radius of the annular region. The 
first term is the Bcrnoulli pressure, the second and 
Third tern= the presslire changes occurring in the 
arinular channel :ind the inner central region neces- 
sary for the nccclcrntion of the superfluid. Above 
critical velocity with dissipation occurring in the 
annular channel an additional pressure term would 
be needed to describe the flow. The force on the 
pendulum plate was then calculated by integrating 
the pressure over the area of the plate: 

(5)  

'L'he first term is the Bernoulli force F,, the second 
the acceleration force F A ,  where A is the area of the 
annuiar piate. 

PLATE SEPARATION (Cm) 

- Th..t*llC.l E '  1 
1.5 r 

0 1 a 3 
V, M A Y I M I I H  (rm/s.c) 

FIQ. 3. Plot of the measured forces due to  superfluid flow 
versus t he maximum vclocity. The solid lines arc calculated 
from Bcriioiilli's equation at each temperature. Solid points 
on the graph indicate that the superfluid flow has exceeded 
critical velocity which is interpreted as an additional force 
on the penddum plate. 

Quantitative data for two types of flow have been 
obtained; steady state (PA = 0), and constant ac- 
celeration (FA = const). To  produce constant ac- 
cclcration the power in the thermomechanical pump 
heater must change linearly in time, so the current 
time. Figure 2 is was varied as the square root of a 
typical y-1 plotter record of the change in frequency 
due to forces on the pendulum versus time. At the 
left the current in the heater was turned on and 
increased as the square root of time. The constant 
acceleration force was immediately present along 
with the increasing Bernoulli force. In  the center the 
current was held constant for steady state where 
orily thc Bernoulli force \vas present. On the right' 
thc current was decreased as the square root of time 
which reversed the acceleration force, and at low 
velocities the penduluni \vas displaced to the other 
side of thi: zero force position. The procedure took 
less than GO sec, while observation of the helium 
level passing each 0.1-ml ninrk on the graduate 
scale was indicated by momentarily lifting the re- 
cording pen. Prom this d:.:% the volume flow rate 

and. the rate of change of volume f l o ~  rate V were 
determined to compute the theoreticnl forces. The 
measured forces P. were determined a t  various points 
of the y-t curve from the change in frequency and 
11. - - l : - -1 - -~- - -+  Cn-,n nol;hrof;nn A a t a  lrllti U I O p A ~ b ~ l l ~ b ~ A ~  A V I V C .  V U * A V . ~ . ~ . ~ . .  --_.I. 
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F I G .  4. Two exnni lcs of volume flow rate data as a function 
of p o w r  input to t i c  tlicrn~omcchnnicnl pump heater. The 
points n t  higlirr flow rates which fall below the linear portion 
of the curve indicate dissipative losses in the flow as the 
result of exceeding superfluid critical velocity. 

IV. DATA 

Figure 3 is the stcady-state force data plotted as 
a iunctiorl of niasinium velocity (this occurred a t  
the inner radius rl) for the indicated temperaturcs 
and plate separations. The theoretical Bernoulli 
force (solid line) is shown for comparison. Since tlie 
miio of measurcd force to  Bernoulli force P J P ,  
was independent of the value of the plate capaci- 
tnncc, i t  W:LS estimated a comparison of the two 
forces should not deviate by more than 7%. Above 
about 0.1 cni/scc agreement with the Bernoulli 
force \vas excellent until a t  the higher velocities a 
critical value was reached. This produced a n  ad- 
ditional pressure gradient along the annular channel 
due to the onset of dissipation. To  confirm this, 
volunie flow rate data were plotted versus heater 
input power. It can be seen in Fig. 4 there is a 
linear relationship for the smaller volume flow r a t a  
followed by a decrease in slope for higher velocitics. 
A departure from linearity indicates that the super- 
fluid critical velocity has bccn exceeded.' Force 
measurements for \\.hicli departure from linearity of 
thc flow ratc vcrsus powcr wcrc obscrvcd are noted 
as solid points in Fig. 3. Tlic incrcasccl force ~ U C  to  
dissipation, \\T'hilc maintaining constnnt flow rate, 
appcarcd as ;I grntiunl forcc build up of duration on - 
' 1'. L. Knpitxn, J. I'hys. 4, ISi (io;;;. 

,A 

0 3 1.0 1.1 

V, b o x )  

Fitr. 6.  l b r o a d  ua ti l u i d o t l  of iiiarlmum valociLy wiLh 
constant superfluid accelcration. The top broken lines are 
calculntcd for accelerations of 0.11s and 0.172 crn/sec', the 
lower broken lincs for dccelcrations of 0.123 and 0.16 crn/secl. 
The force I.",, to accclerate the superfluid is the difference 
betwecn the,  total force (broken line) and the Bernoulli 
force (solid line). Coincidence of the measured forces with 
the calculated forces indicates the absence of dissipation. 

the order of 5-10 sec. This night  be explained by a 
gradual increase of vortex lines in the annular chan- 
nel and or tile sprcading of tlie vortex lines radially 
outward froni the inner radius at the highest veloc- 
ity region. This is bascd on the assumption that 
the growth of turbulcnce is similar to that  reported 
by iMcnclclssolm and Steele" w th  heat currents 
111 widc chniincls. 1;'urthcr invcstigations into the 
arcn of dixsipatioii arc being c;u.ricd out with the 
prchcnt tlcvicc. I'rccise valucs of ciitical velocities 
wcre not dctcrniined but  the obscrved range of 
1.5-2 cm/sec, dcpcndcnt upon plntc scparation and 
tcmperaturc, is in agrccnicnt with other cspcrinicntnl 
observations. 

Constant acccleration data is shown in Fig. 5 as a 
function of niaximum velocity. The Bcrnoulli force 
is indicatcd by the solid line, and thc brokeil lines 
include both the Bcrnoulli and the acccleration 
forces as ealculatcd from tlic volume flow rate and 
rate of chnngc of volumc flow ratc. Two different 
accclcrations (uppcr lincs) and dccclcrations (lower 
lines) arc prcscntctl for 1.7loIL The measurcd forces 
with cstim:itcd unccrL:linty : i x  in good sgrcelllent 
with thc ca1cul:itions intlicnting that no additional 
forces such as h a c  duc to dissipation were present. 

8 li. hlcntlclssohir nnd W. A. Stccle, Proc, Php. sot. 73, 
I.i,L (Ii).j!)). 
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PRESSURE I N , S U P E R F L U I D  P L O W  

V. CONCLUSIONS 

Tilc nonuniforin rircu1:Li ion-frce siipcrfluid flow 
:ihout I ~ c  pcildduiii phtc  protlilccd iict forces which 
quint iintivcly :igrcc with thc c1:wical fluid cqu:itions 
to \ v : d  ','*:i\ thc ncc\ifi\cy of t h  cspcrimcnt. Thus, the 
51;; el ;mndnry condition mist be corrcct ai, 1cmt 
to thc ordci. of lo-' CIIL Supcrfiuid undergoing 
constant accelcrntioii expcrienced no dissipative 
losea and undcr the influence of a chemical poten- 
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tin1 gradient accclcrated freely until reaching 
critical velocity. 
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